Glucocorticoids (GCs) are known to modulate memory in animals and humans. One popular model suggests that stress or GC treatment enhances memory consolidation while impairing delayed memory retrieval. Studies in humans have documented that treatment with GCs impairs delayed memory retrieval. Similar alterations after exposure to stress have not been observed thus far. In the present study, 19 young healthy male subjects were exposed to either a standardized psychosocial laboratory stressor (Trier Social Stress Test) or a control condition in a crossover manner. After both treatments, retrieval of a word list (learned 24 h earlier) containing 10 neutral, 10 negative, and 10 positive words was tested. The stressor induced a significant increase in salivary free cortisol and a decrease in mood. Memory retrieval (free recall) was significantly impaired after the stress condition. Follow-up analysis revealed that negative and positive words (i.e., emotionally arousing words) were affected, whereas no effect was observed for neutral words. No changes were detected for cued recall, working memory, or attention. The present study thus demonstrates that psychosocial stress impairs memory retrieval in humans and suggests that emotionally arousing material is especially sensitive to this effect.
Introduction
Glucocorticoids (GCs) and catecholamines (adrenaline and noradrenaline) are secreted during stress to facilitate adaptation (De Kloet et al., 1998; McEwen, 1998; Sapolsky et al., 2000) . In animals, stress hormones can have impairing as well as enhancing effects on memory Sandi, 1998; De Kloet et al., 1999; Kim and Diamond, 2002; McGaugh and Roozendaal, 2002) . Similarly, in humans, acute GC administration has beneficial or detrimental effects, depending on several modulatory variables (Lupien and Lepage, 2001; Wolf, 2003) . McGaugh and Roozendaal (2002) have established that increased levels of stress hormones lead to enhanced memory consolidation in rodents, which is in line with work by others (Sandi et al., 1997; Oitzl et al., 2001 ). However, stress as well as corticosterone treatment causes impaired delayed memory retrieval (de Quervain et al., 1998; Roozendaal, 2002 ). It appears that adrenergic activation in the basolateral amygdala and in the hippocampus is required for GCs to impair retrieval (Roozendaal et al., 2004b) .
In humans, placebo-controlled pharmacological studies have observed that cortisol application leads to impaired memory retrieval (de Quervain et al., 2000 (de Quervain et al., , 2003 Wolf et al., 2001a; Buss et al., 2004) . Whether similar effects occur after psychosocial stress is unknown. Previous human studies examined the effects of stress-induced cortisol elevations on learning and immediate recall. Two studies observed memory impairments after stress (Payne et al., 2002; Jelicic et al., 2004) , whereas most studies to date found no significant difference between the stress and the nonstress conditions (Kirschbaum et al., 1996; Wolf et al., 2001b; Domes et al., 2002; Takahashi et al., 2004) . Several of the latter, however, observed associations between poorer memory and a stronger stress-induced cortisol increase within the treatment group (Kirschbaum et al., 1996; Wolf et al., 2001b; Takahashi et al., 2004) . Only two studies have tested the effects of psychosocial stress on memory retrieval but failed to find significant effects, possibly for several reasons, which will be discussed later (Wolf et al., 2002; Domes et al., 2004) .
Only recently, human glucocorticoid studies have started to consider the possible influence of emotional arousal or valence. Emotionally arousing material in general is better remembered than neutral material, and adrenergic activation in the amygdala seems to be responsible for this effect (Cahill, 2003; Strange and Dolan, 2004; van Stegeren et al., 2005) . Therefore, several studies investigated whether the effects of glucocorticoids on learning/ memory are influenced by emotional arousal or valence. Two studies reported enhanced consolidation of emotionally arousing stimuli after cortisol or stress treatment (Buchanan and Lovallo, 2001; Cahill et al., 2003) . Other experiments suggested that the immediate recall of positive and neutral but not of negative words was impaired by cortisol (Tops et al., 2003) or by stress (Jelicic et al., 2004) . In contrast, a previous study from our group observed that delayed retrieval of negative but not of neutral words was impaired after oral cortisol (30 mg) treatment (Kuhlmann et al., 2005) .
Because no previous stress study in humans was able to show impairing effects of stress on retrieval, the present experiment was conducted. In addition, we tested whether the emotional arousal of the learning material influenced the effects of stress on retrieval.
Materials and Methods
Nineteen young, healthy male university students between 19 and 40 years of age (24.58 Ϯ 1.26) participated in this study. None of them suffered from any acute or chronic disease or took medication (selfreported). Presence of depression was screened with a German version of the Center for Epidemiological Studies Depression Scale (Hautzinger, 1993) . The averaged body mass index of the subjects was 22.79 Ϯ 0.71 kg/m 2 . Each participant in this crossover study was tested in two experimental sessions (both of which consisted of 2 d; day 1, learning; day 2, treatment before retrieval) with a between-session interval of ϳ4 weeks. The study was approved by an ethics committee, and subjects provided written informed consent.
On the first day of each experimental session, participants arrived between 10:00 and 11:00 A.M. and learned a word list containing 10 positive, 10 neutral, and 10 negative words (for details, see below). On the following day, participants arrived at the laboratory at the same time and filled out a mood questionnaire (see below). Thirty minutes later, they took part in the Trier Social Stress Test (TSST) (Kirschbaum et al., 1993) or a control condition, both of which lasted ϳ15 min. Immediately after the treatment, the participants again filled out the mood questionnaire. Ten minutes after cessation of the stressor (i.e., at the time of peak cortisol levels), free and cued recall of the word list was tested. Thereafter, working memory and attention were assessed. The same procedure with the alternate treatment was repeated after ϳ4 weeks.
Stress and control treatment. Psychosocial stress in humans leads to elevated cortisol levels via activation of the hypothalamic-pituitary-adrenal (HPA) axis (Mason, 1968) . In a laboratory context, the TSST is a well established and very efficient paradigm to induce a significant HPA response (Kirschbaum et al., 1993) . A recent meta-analysis has revealed that in humans, social evaluative threat in combination with uncontrollability is associated with the largest cortisol increases in the laboratory (Dickerson and Kemeny, 2004) . Both aspects are realized in the TSST. The TSST consists of a short preparation period (2 min), followed by a 5 min free speech (i.e., a fictitious job interview focusing on personal strengths and weaknesses) in front of a committee (i.e., one man and one woman wearing white coats), with an additional 5 min of mental arithmetic (i.e., counting backward from 2043 in steps of 17). In addition, the subjects are videotaped. The TSST has been shown to reliably induce a significant cortisol increase in plasma and saliva (Kirschbaum et al., 1993) . The control condition consisted of a 5 min speech (about a movie or a book) and 5 min of mental arithmetic in an empty room (S. Het, S. M. Kern, N. Rohleder, C. Kirschbaum, and O. T. Wolf, unpublished observations) . This control condition is relatively similar in physical and mental workload but lacks the stress-inducing components of the TSST, which are social evaluative threat and uncontrollability (Mason, 1968; Dickerson and Kemeny, 2004) .
The tests and questionnaires used are discussed below.
Memory for words.
A word list (with two parallel versions available) containing 10 positive, 10 negative, and 10 neutral words was presented to the subjects on a piece of paper. There were no differences among the positive, neutral, and negative words or between the two lists with respect to word frequency (norms were taken from a German internet database), word length, or semantic cohesion. Semantic cohesion was tested in 24 participants who did not participate in this study. They had to sort the words into groups with high inter-item associations (Miller, 1969) . Emotionally arousing words often show a higher semantic cohesion than neutral words, and it is argued that some emotional effects are actually based on semantic cohesion rather than on emotional arousal (Maratos et al., 2000) [but see McNeely et al. (2004) for a divergent opinion]. In the current study, the two lists and the three categories did not differ with regard to semantic cohesion. Moreover, the two lists resulted in similar learning and delayed recall performance.
Subjects were given 2 min to learn the list, and immediate free recall was tested. This procedure was immediately repeated so that the subjects underwent two learning trials.
On the following day, delayed free recall of the words was tested 10 min after the treatment (stress or control). To account for possible withinand between-subject variance in initial learning, free-recall performance on the treatment day was expressed as the percentage of words remembered in relation to the second (and last) learning trial on the learning day [similar to the study by Kuhlmann et al. (2005) ]. Cued recall was assessed immediately after free recall by randomly presenting the first two letters of each learned word on a piece of paper, with instructions to complete the word stems with the previously learned words.
Working memory (digit-span test) . Series of digits with increasing length were read to the subjects. They had to repeat each series. Each set length was tested twice. A forward and a backward condition was used. For each correctly repeated set, one point was given (Wechsler, 1987) .
d2 test of attention/psychomotor speed. From a series of the letters d and p, with one or two lines above and/or below each letter, the participants had to mark the d's with two lines as quickly and correctly as possible. A summary test score was calculated using the number of correctly marked d's minus the number of errors (Brickenkamp, 1994) .
Mood assessment. An adjective checklist containing 32 words for the assessment of bad versus good mood (16 items), alertness versus fatigue (8 items), and calmness versus restlessness (8 items) was used. The participants had to mark how much the words matched their current mood. The score for each item ranged from 0 to 5, with higher numbers indicating a stronger agreement with the positive end of each scale. For ease of presentation, we divided the total score by the number of items so that the results from each scale also ranged from 0 to 5 (Steyer et al., 1994) .
Saliva sampling and cortisol assessment. Saliva was collected using Salivette collection devices (Sarstedt, Nümbrecht, Germany). Samples were taken before the treatment (baseline), immediately after treatment (ϩ1 min), immediately before cognitive testing (ϩ10 min), and after cognitive testing (ϩ30 min). Free cortisol levels were measured using a commercially available immunoassay (Immuno-Biological Laboratories, Hamburg, Germany). Interassay and intra-assay variations were Ͻ15%.
Statistical analysis. Data were analyzed with paired t tests or with ANOVAs for repeated measurements. Greenhouse-Geisser corrected p values were used when indicated. Follow-up analysis of ANOVA effects was done using Holm-adjusted t tests (Aickin and Gensler, 1996) .
Results

Cortisol levels
Results revealed the expected stress-induced cortisol increase (Fig. 1 ). An ANOVA with the two repeated-measurement factors, treatment (stress vs control) and time (baseline, ϩ1, ϩ10, and ϩ30 min), revealed a significant treatment by time interaction (F (3,54) ϭ 9.04; p Ͻ 0.01). The Holm-adjusted paired t test Figure 1 . Free salivary cortisol levels in response to the stress or the control condition. "Treatment" refers to the stress versus the control condition (for details, see Materials and Methods). "Testing" refers to the period of retrieval and cued-recall testing (of the word list learned 24 h earlier) as well as to the working memory and attention testing. *Significant differences ( p Ͻ 0.05) in Holm-adjusted paired t tests. Error bars represent SE.
showed significantly elevated cortisol levels at 10 min (t (18) ϭ Ϫ2.74; p ϭ 0.01) and 30 min (t (18) ϭ Ϫ2.79; p ϭ 0.01) after stress compared with the control condition.
Memory retrieval
Stress treatment led to a significant reduction in free recall of all of the words. In the TSST condition, subjects retrieved 56.80 Ϯ 4.01% of the words learned 24 h earlier but retrieved 64.17 Ϯ 4.76% in the control condition (t (18) ϭ 3.31; p Ͻ 0.01). ANOVA with the factors treatment (stress vs control) and valence (positive, neutral, and negative) revealed a significant main effect of treatment (F (1,18) ϭ 9.46; p Ͻ 0.01) but no significant treatment by valence interaction (F (2,36) ϭ 1.25; p ϭ 0.30). Explorative follow-up analysis with unadjusted paired t tests showed that significantly fewer negative words were retrieved (t (18) ϭ 2.49; p Ͻ 0.02) in the stress condition compared with the control condition, whereas a trend in the same direction was observed for positive words (t (18) ϭ 1.98; p ϭ 0.06). Neutral words were not affected by stress (t (18) ϭ Ϫ0.18; p Ͻ 0.86). For means and SEs, see Figure 2 .
Because of very similar results for negative and positive words, we created a new category, termed "arousing" words. In this group, negative and positive words were combined and averaged (Fig. 2) . ANOVA with the factors treatment (stress vs control) and emotional arousal (arousing vs neutral) again revealed a significant main effect of treatment (F (1,18) ϭ 7.84; p ϭ 0.01), and this time a trend toward a treatment by arousal interaction (F (1,18) ϭ 3.75; p ϭ 0.07) was observed as well. Follow-up analysis with Holm-adjusted paired t tests showed that significantly fewer emotionally arousing words were retrieved in the stress condition compared with the control condition (t (18) ϭ 3.61; p Ͻ 0.01).
Other cognitive measures
Stress treatment had no effect on cued recall, working memory, or attention (all p values Ͼ0.10). For means and SEs, see Table 1 .
Subjective ratings
Data were analyzed with ANOVAs with the factors treatment (stress vs control) and time (before and after treatment) separately for each of the three scales. For good versus bad mood, a significant treatment by time interaction was observed (F (1,18) ϭ 5.96; p Ͻ 0.05). Subjects reported decreased mood in response to the TSST but not in response to the placebo condition (Table 1) . For the other two scales, no significant treatment by time interaction was apparent (all p values Ͼ0.10; data not shown).
Discussion
The present study has two main findings, which will be discussed in turn. First, we observed that psychosocial stress impaired memory retrieval. Second, emotionally arousing words appeared to be more affected than neutral words.
For the first time, we show an impairing effect of psychosocial stress on memory retrieval in humans. This is in line with previous studies in animals (de Quervain et al., 1998; Woodson et al., 2003) as well as with pharmacological studies in humans (de Quervain et al., 2000 (de Quervain et al., , 2003 Wolf et al., 2001a; Buss et al., 2004) . Because pharmacological studies in humans induced free salivary cortisol levels in the upper physiological range [e.g., between 40 and 100 nmol/L (Deinzer et al., 1997) ], it is remarkable that the moderate cortisol increases observed in the current stress study were also associated with a retrieval deficit. It is possible that the stronger adrenergic activation after psychosocial stress is partially responsible for this effect, because GCs appear to interact with adrenergic mechanisms in the amygdala and hippocampus in causing retrieval impairment (Roozendaal et al., 2004b) . The important role of the medial temporal lobe in mediating the GC-induced retrieval impairment is also supported by a human neuroimaging study (de Quervain et al., 2003) . Further supporting this notion is the observation that, similar to our previous pharmacological study (Kuhlmann et al., 2005) , we did not find a significant effect of stress on cued recall, which had a strong priming aspect (presentation of the word stem) in this study. Priming performance is not dependent on the hippocampal formation (Squire, 1992) , and previous stress and cortisol studies failed to find significant effects of the treatment in those tasks (Kirschbaum et al., 1996; . Because multiple brain regions are involved in remembering (Buckner and Wheeler, 2001 ) and because multiple brain regions are affected by GCs (Belanoff et al., 2001; Lupien and Lepage, 2001) , more human neuroimaging studies on this topic appear to be warranted.
Two previous studies examining the effects of social stress on memory retrieval in young participants did not find a significant effect of stress (Wolf et al., 2002; Domes et al., 2004 ). The first investigation had a very long (4 weeks) delay between learning and recall (Wolf et al., 2002) . It might be that older memory traces are not as susceptible to the disturbing effects of stress as recent traces. In addition, the retrieval performance was very low (possible floor effect). The same problem occurred in a more recent investigation with a shorter delay (Domes et al., 2004) . Less than 15% of the initially presented 60 words were retrieved 24 h later by the subjects.
Another aspect worth discussing is the circadian cortisol rhythm and the possibility that stress might have different effects depending on the time of day and its associated basal cortisol levels. Lupien et al. (2002) examined young participants in the morning (at the circadian peak) and the late afternoon (close to the nadir). In the morning, GC treatment caused a memory impairment, whereas GC treatment in the afternoon enhanced memory, as indirectly measured with reaction times. It is thought that these findings reflect an inverted U-shaped dose-response relationship between cortisol and memory and are caused by a different occupation of the two receptors for glucocorticoids (type 1 and type 2, respectively) (Diamond et al., 1992; Lupien et al., 2002 ). Our subjects were tested in the morning, a time when negative effects of cortisol elevations might prevail. Perhaps studies in the afternoon are less likely to detect negative effects of social stress on memory performance. This could be an alternative explanation for the absent effects of social stress on retrieval performance in the study by Domes et al. (2004) . However, the fact that several pharmacological studies that were conducted in the afternoon observed a cortisol-induced retrieval impairment appears to argue against a major influence of time of day, at least in experiments with strong cortisol elevations (de Quervain et al., 2000 (de Quervain et al., , 2003 Buss et al., 2004) .
In addition, participants in the two previous studies were not required to solve a task in the control condition (Wolf et al., 2002; Domes et al., 2004) . It is therefore likely that the mental workload and the global activation differed substantially between the stress and control conditions. In the current study, subjects in the control condition had to give a talk and had to perform mental calculations (similar to the stress condition) but were not exposed to social evaluative threat and uncontrollability. In line with a recent meta-analysis, subjects did not show a cortisol response to this control condition (Dickerson and Kemeny, 2004) .
The second major finding of our study is that emotionally arousing words appear to be more affected by stress than neutral words. In accord with a previous study by our group, negative words were more affected than neutral words (Kuhlmann et al., 2005) . We hereby replicate our cortisol findings with a psychosocial stressor and extend the observation to positive words, which appeared to be similarly affected, although the single comparison with t tests only revealed a trend ( p ϭ 0.06). Previous pharmacological studies in humans have not addressed the issue of valence or emotional arousal systematically. de Quervain et al. (2000 Quervain et al. ( , 2003 used word lists that consisted of items of varying arousal and valence intensities (D. J. de Quervain, personal communication), but no formal analysis on the impact of emotional arousal was performed. In the study by Wolf et al. (2001a) , words were from a shopping list, which most likely varied in valence, depending on the taste and preferences of the individuals. A cautious interpretation of our findings is that the retrieval of emotionally arousing words appears to be more affected by stress than retrieval of neutral words if both word categories are presented within one word list. Future studies on this topic should obtain subjective arousal ratings [similar to the study by Buchanan and Lovallo (2001) ] to relate individual arousal ratings to individual retrieval performance.
Two previous studies have observed enhanced consolidation of emotionally arousing material when compared with neutral material after cortisol or stress treatment (Buchanan and Lovallo, 2001; Cahill et al., 2003) . This study, as well as our previous pharmacological study (Kuhlmann et al., 2005) , found a stronger retrieval impairment for emotionally arousing words when compared with neutral words. Thus, the beneficial and detrimental effects of GCs might be especially pronounced for emotionally arousing material. In our current study, as well as in previous studies (Buchanan and Lovallo, 2001; Kuhlmann et al., 2005) , the effects of cortisol were similar for positive as well as negative material, which suggests that emotional arousal rather than valence is the crucial aspect of the observed interactions. These observations are in accord with neuroimaging studies showing that the activity of the amygdala is associated with memory formation of arousing stimuli (Cahill et al., 1996; Canli et al., 2000) , apparently independent of stimuli valence (Hamann et al., 1999; Kensinger and Corkin, 2004) . Pharmacological functional magnetic resonance imaging studies have shown recently that this effect is dependent on ␤-adrenergic activation in the amygdala (Strange and Dolan, 2004; van Stegeren et al., 2005) , thereby replicating the effects demonstrated in rats (McGaugh and Roozendaal, 2002; Roozendaal, 2002) . However, the role of the amygdala in emotional memory retrieval is not as well understood (Taylor et al., 1998; Dolan et al., 2000; Smith et al., 2004; Strange and Dolan, 2004) . More imaging studies are warranted that investigate the effects of stress or stress hormones on memory retrieval. The only study on this topic to date observed a reduced blood flow in the right posterior medial temporal lobe after cortisol treatment (de Quervain et al., 2003) . The finding of the present study that retrieval of emotional material is especially impaired by stress or cortisol treatment might explain the recently reported beneficial effects of low-dose cortisol treatment on reexperiencing and intrusions in patients with posttraumatic stress disorder (Aerni et al., 2004) . The TSST caused a decrease in mood, which is an effect that does not occur in pharmacological studies with moderate cortisol doses (Wolf et al., 2001a; Buss et al., 2004; Kuhlmann et al., 2005) . Experimental studies with mood induction have often observed that mood-congruent items are better remembered than incongruent items (Matt et al., 1992) . In line with this concept are findings that tested the effects of stress on learning of words and observed impaired memory for neutral words but enhanced memory for negative words (Jelicic et al., 2004 ). In the current study, the opposite results occurred. Despite stress-induced negative changes in mood, subjects retrieved fewer negative (and positive) words, whereas no effect was detectable for neutral words. Thus, our findings cannot be explained by indirect effects mediated via mood, but rather seem to reflect the distinct effects of stress hormones on hippocampal-mediated retrieval, which are in opposition to the effects on consolidation (Roozendaal, 2002) .
In this initial experiment, we decided to only investigate men, because previous work in animals (Luine, 2002; Conrad et al., 2004; Shors, 2004) and humans (Wolf et al., 2001b) has suggested that the effects of stress on memory might differ between the sexes. Moreover, the cortisol response to the TSST is modulated by menstrual cycle phase as well as by the use of oral contraceptives (Kirschbaum et al., 1999) . Future studies will have to investigate the effects of sex and sex hormones systematically.
In summary, the present study reports for the first time a significant negative effect of acute stress on delayed memory retrieval in humans. Emotionally arousing words were more affected by stress than neutral words. Thus, moderate cortisol ele-vations in response to psychosocial stress, most likely in combination with activation of the autonomous nervous system, can lead to negative effects on retrieval that are similar to those seen with oral cortisol treatment. These findings appear to be of relevance for situations in which a person has to retrieve information under stress (e.g., in exam situations, in testimonies, or in important business situations). The potential to reduce or block the impairing effect of stress on retrieval using psychological or pharmacological interventions should be explored (Heffelfinger and Newcomer, 2001; Gaab et al., 2003; Roozendaal et al., 2004a,b) .
